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Abstract

This paper presents a physically plausible and somewhat illuminating first
step in extending the fundamental principles of mechanical stress and strain
to space-time. Here the geometry of space-time, encoded in the metric tensor,
is considered to be made up of a dynamic lattice of extremely small, localized
fields that form a perfectly elastic Lorentz symmetric space-time at the global
(macroscopic) scale. This theoretical model of space-time at the Planck scale
leads to a somewhat surprising result in which matter waves in curved
space-time radiate thermal gravitational energy, as well as an equally intri-
guing relationship for the anomalous dispersion of light in a gravitational
field.
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1. Introduction

In Einstein’s theory of gravitation, matter and its dynamical interactions are
based on the notion of an intrinsic geometric structure of the space-time conti-
nuum. The ideal aspiration of this theory is to describe space and time in terms of
a four-dimensional manifold endowed with a certain intrinsic geometric structure
subject to certain inherent purely geometrical laws that allow it to be an adequate
model or picture of the real world around us, with all that it contains and its to-
tal behavior.

Yet for all its remarkable success and profound insight into the subtle nature
of space and time, the formal description of space-time laid bare by general rela-
tivity does not address the mechanical properties (e.g., modulus of elasticity,
strain, etc.) of space-time itself [1] [2]. This study is not intended to replace rela-

tivity theory, but rather to explore the dynamics of curved space-time at the

DOI: 10.4236/jhepgc.2024.101015

Jan. 18, 2024

167 Journal of High Energy Physics, Gravitation and Cosmology


https://www.scirp.org/journal/jhepgc
https://doi.org/10.4236/jhepgc.2024.101015
https://www.scirp.org/
https://orcid.org/0000-0002-7337-7912
https://doi.org/10.4236/jhepgc.2024.101015
http://creativecommons.org/licenses/by/4.0/

L. Nash

Planck scale within the theoretical framework of continuum mechanics, as well
as evaluate the corresponding effects of gravity on the wave-particle duality of
energy [3] [4] which lies at the heart of quantum mechanics.

Continuum mechanics is a branch of mechanics that deals with the mechani-
cal behavior of materials modeled as a continuous mass rather than as discrete
particles. Here, the concept of continuum is justified by the assumption that
curved (non-Euclidean) space-time is composed of sufficiently closely spaced
localized fields, so that its descriptive functions can be considered continuous
and differentiable. In particular, we can define the stress at a given point in a gra-
vitational field, thereby enabling us to apply calculus to the study of forces within a
region of curved space-time. This definition and the subsequent application of
calculus are associated with the work of August in-Louis Cauchy in the first half of
the nineteenth century. Instead of studying atomic forces among individual par-
ticles, he introduced the concepts of stress and strain in a continuum, resulting
in equations associated with the theory of elasticity.

This paper is organized as follows. In Section 2, based on Newton’s gravitational
potential and Hooke’s law, we formulate the mechanical properties of Schwarz-
schild space-time at the Planck scale. In Section 3, we evaluate the wave-particle
duality of energy in Schwarzschild space-time and deduce the de Broglie wave-
length for a parcel of energy in non-Euclidean space-time. In closing, a brief dis-
cussion of the physical significance of the conceptual ideas and results derived in
this paper are presented in Section 4. It is hoped that the ideas presented herein
may spark the imagination of others working in this particular area of research
[5] and ultimately lead to novel experiments with momentous observations that
bring about a deeper and more rigorous understanding of the foundations of

quantum space-time dynamics [6] [7].

2. A Mechanical Description of Schwarzschild Space-Time?
at the Planck Scale

In the presence of a parcel or distribution of energy, the equilibrium or ze-
ro-point position of the oscillations of an event node [8] undergoes a linear elas-
tic displacement from the center of the Planck unit cell in the opposite direction
to the gravitational field line (or strength), as shown in Figure 1. It can be shown
that the zero-point or gravitational displacement of an event node is proportion-
al to the dilation of time. Event nodes located at distance R from the center of a
parcel or spherical distribution of energy have equal zero-point displacements.
Hence, a space-like surface containing the equilibrium position of the event
nodes at a distance R from the center of a parcel or spherical distribution of
energy is called a time-dilation surface. By virtue of the equivalence principle of
relativity theory, the dilation of time corresponds to relative motion. In this case,

the relative motion is produced by a field of force; therefore, the relative motion

"Empty space outside a static spherically symmetric parcel or distribution of energy whose radius is
much larger than its Schwarzschild radius.

DOI: 10.4236/jhepgc.2024.101015

168 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2024.101015

L. Nash

,,,,,, ct’
// \\
/7 ct =N
/ \
\
Hn %
U, /0, 7
1
1
0 x |
/
/
/
ap //

Scale: 1035:1

o = const

Figure 1. The zero-point displacement field (dotted region) of an event node passing
through a point O in empty space a distance r outside a distribution of energy, of con-
stant density o. The dotted grid lines represent the Planck unit cell of side a, ~107* cm
(the Planck length).

is one of acceleration. The force field which points in the direction of increasing
time dilation or zero-point displacement corresponds to decreasing time-dilation
surface areas®. Therefore, the field of force produced by the Planck lattice falls off
as 1/R* which is consistent with Newton’s law of gravity. Hence, the restoring
field of force produced by increasing zero-point deformations of the Planck lat-
tice corresponds to Newton’s gravitational field.

The constitutive equations for a linear elastic solid are related to the stress and

strain tensors using the following expression:

o, =C

Ap
uv u vipg

>

which is known as generalized Hooke’s law [9]. Hereafter, the summation from
0 to 3 is made, for the four dimensions of space-time, according to the repeated
Greek indices with index 0 representing time and indices 1 through 3 representing
the dimensions of space. The tensor of the elastic constant C,,,  has 256 com-
ponents. However, owing to the symmetry of both the stress o, and strain
&,, tensors, at most 100 distinct elastic constants exist. The zero state of strain
energy may be chosen arbitrarily, as the stress must vanish with the strains. The
simplest form of the strain energy function for the Planck lattice that leads to a
linear stress-strain relation has a quadratic form [9]

= %Cuwlp

1 1
W A v
Wp e"e” =50W5“ =50P5P,

where o, and &, are the stress and strain of the Planck lattice deformation,
respectively. In general, for small oscillations of the Planck lattice that obey
Hooke’s law, the modulus of elasticity £, of the Planck lattice and energy den-
sity o of the oscillations can be readily shown to be related to the speed of the

’In theory, zero-point deformations of the Planck lattice are greatest near a parcel or distribution of
energy.
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corresponding waves® using the following equation [10]:
c=4E,/o.

In accordance with Hooke’s law of elasticity, the stress-strain relationship of

the Planck lattice is given by the well-known relation:
op=FE,ép.
Thus, the strain energy density of the Planck lattice takes the form
1 5,
w, ZEQSPC .

As previously postulated, the nature of the force produced by zero-point de-
formations of the Planck lattice is attractive; therefore, the strain potential of the
Planck lattice is considered to be negative, @, <0. In general, the potential is
equal to the potential energy divided by the source of the force field (or charge),
which is equivalent to the strain energy density w, divided by the oscillation
energy density. From these assertions, we can readily deduce that the strain po-
tential energy density and strain potential of the Planck lattice are related by the
following equation:

o, (EP)z—le =—lg}2,c2 for 0<g, <1.
0 2

We now suppose that the Planck strain potential of empty space-time outside

a spherically symmetric parcel or distribution of energy of mass M and radius

R> R is equal to the Newtonian gravitational potential. Thus
1
O, (r)=—GM/r= —5812)02 ,

which gives

gngp(r)z\/M>

where R, =2GM/c* is the Schwarzschild radius and ris the distance between
the center of mass of a parcel or distribution of energy and the center of a given
Planck unit cell, as shown in Figure 1 and Gis Newton’s universal gravitational
constant. In general, the Planck strain is related to the zero-point displacement

6, of an event node, as follows:

& =0,/ap,

where a, ~107’c¢m is the Planck length. Hence, the zero-point displacement
of the Planck lattice outside a static (non-rotating) spherically symmetric mass

distribution M of radius R is given by

o, :50(r):\/R—TaP.
r

*Because the Planck lattice has zero rest mass, Planck lattice waves travel at the speed of light.

*This condition represents the elastic limit of the Planck lattice (or space-time) and can be consi-
dered a consequence of the causal structure of space-time, as prescribed by relativity theory [11].
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It is worth noting here that

S, =1, 2|0y | =V.tp,

with v, = \/E the escape velocity of the mass distribution at a distance rfrom its
centerand g=GM/r* is its Newtonian gravity. This relation resembles Newton’s
familiar equation for the change in position of a particle in uniform motion with
constant velocity v, over the Planck time ¢, =a,/c.

Now let us compute the gradient of the zero-point deformations of the Planck

lattice near Earth, as follows:

o, ( 00,
VO, (r)=GM[r’ === —=
n(r)= oMl ti(arj
(85(;) :tp gE N10747,
or ),_g, 2R,

where g, =GM, / R; is Earth’s gravity, M, and R, are the mass and ra-
dius of Earth, respectively. The extremely small zero-point deformation gradient
of the Planck lattice near Earth is consistent with the remarkably high bending
(or warping) stiffness of space-time predicted by the theory of general relativity®.

At first sight, Einstein’s law of gravitation does not resemble Newton’s. To see
a similarity, we must consider the components of the metric tensor g, as po-
tentials describing the gravitational field. There are ten of them, instead of just
one potential of the Newtonian theory. They describe not only the gravitational
field, but also the system of coordinates. The gravitational field and the system of
coordinates are inextricably mixed in Einstein’s theory, as one cannot be de-
scribed without the other. Because the Newtonian gravitational potential can be
written in terms of the zero-point deformations of the Planck lattice to arrive at
the Planck lattice potential, the metric tensor is a function of the gravitational
potential and is thereby related to the Planck lattice potential, as well. Hence, in
terms of the zero-point deformations of the Planck lattice, the Schwarzschild

metric solution [12] of Einstein’s field equation can be written as
-1
g, = diag(—(l —(6,/a,) ),(1 —(5O/ap)2) 7,17 sin? 49) .

Here, we imagine that a curved space-time geometry, as defined by the metric
tensor of relativity theory, is made up of event nodes displaced from the center
of their corresponding Planck unit cells.

Because of the spherical symmetry of the zero-point (gravitational) displace-
ment field in four dimensions, the magnitudes of the space and time compo-
nents of the gravitational displacement field are considered to be equal, forming
a four-dimensional Planck null hypersphere (or subspace), which implies that
the deformation field of the Planck lattice is indeed light-like. Thus, for a ze-
ro-point displacement along the direction given by the unit vector n in space,

>The constant appearing in Einstein’s field equation can be interpreted as the modulus of elasticity of
the Planck lattice, that is E, =c’/81G ~10® N/m’ , which represents the force per unit area re-

quired to give space-time unit curvature.
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the four-vector for the gravitational displacement field is given by
ut =0 n"

where n”nﬂ =0 sothat n* islight-like, and hence n" :(l,n).

In accordance with the constitutive equations of continuum mechanics for a
linear elastic solid, we compute the Eulerian strain tensor [10] for infinitesimal
strains of the Planck lattice in Schwarzschild space-time

_1 ou? ou’
(mm = o J 10, [T

where 7, =diag(-1,1,1,1) is the Minkowski metric. At the Planck scale, the
geometry of space-time is flat (Euclidean); therefore, the Minkowski metric readily
accommodates the geometry of space-time at the Planck length scale®. It imme-
diately follows that the shear strains of Schwarzschild space-time are zero &, =0
for #v . Therefore, in theory, for small zero-point deformations (where

0, < a, ) in Schwarzschild space-time, the Planck lattice experiences only normal
strains ¢, #0.

Analogous to the stress-strain equations for an isotropic elastic material, the
corresponding tensor form of the stress-strain equations for the Planck lattice
is

Ap

1
g/l\/ :E_|:(1+VP)T7W177V/J Pﬂyvnlp]o- yvﬂpa 4
P

where S, :EL[(IJ'_VP)’]/MUVP —vpnyvmp] is the Planck lattice compliance

P
tensor, which can be viewed as the space-time compliance tensor. For »> R,

the tensor equation above can be written in matrix form as follows:

€00 L=v, v, =, |l oy
€ |_ 1 1 Ve TVp || On
€, E » symm 1 —v, | oy |
&3 1 Loy

where ¢, =0, =0 for u#v.
Of course, this matrix equation can be readily inverted to obtain the genera-
lized stiffness form of Hooke’s law for the Planck lattice, for > R,

Ooo 1-2v, Vp Vp Vp €00
Ou | _ Ep 1-2v, Vp Vp €
oy | (1+v,)(1-3v,) symm  1-2v, v, e, |
O33 1-2v, || &;

This form of Hooke’s law for the Planck lattice can be written in tensor form,

as follows:

O, =

Vp y;
1+ VP |:’7/,1/I77vp 1 3 77;11/772/7 = C,uv/lpg r 4

Curvature of spacetime geometry has no meaning at the fundamental (or Planck) length scale.
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where C

wip :i M., +V—P77W77/1p} is the elastic modulus (or stiff-

1+v, 1-3v,
ness) tensor of the Planck lattice or space-time.
For a simple uniaxial state of stress’ in the x' direction, the Poisson’s ratio®

of the Planck lattice can be determined using the following relationship

€y = &3 =8 =& =—Vpéyy -

Since the total strain energy is constant, &, =—» &, whichgives v, =1/4.
i J#EL M)

Outside a parcel or distribution of energy, the gravitational displacement fields
of the Planck lattice macroscopically form a perfectly elastic non-Euclidean
space-time. Therefore, the shear modulus G, is related to the corresponding
Young’s or elastic modulus £, by the relation [10]

2
G P gE P

3. Compton Waves? in Schwarzschild Space-Time

The zero-point displacement of an event node outside a parcel or distribution of
energy causes the amplitude of its vacuum or zero-point oscillations to increase.
Because the energy of a wave is proportional to the amplitude [14], the oscilla-
tion energy of the event nodes, outside a parcel or distribution of energy, in-
creases with increasing zero-point displacement. This agrees with the require-
ment that the ground state oscillation energy of the vacuum' corresponds to the
minimum oscillation energy state of the Planck lattice. Thus, the zero-point os-
cillation frequency of the event nodes increases near a parcel or distribution of
energy, which means time intervals in the rest frame of the gravitational source
are increased (stretched). The dilation of time intervals in the presence of a gra-
vitational field [15] is consistent with both relativity theory and experimental
results.

Because clocks run at different rates when situated at different positions in a
gravitational field, one may compare the local (proper) time interval dr and the
coordinate time interval df and discover that they are related by the following

equation:

dz'(r) =1+ CDC(Zr) dt.

The potential ®(r) corresponds to the familiar Newtonian gravitational

potential

O(r)=®,(r)=—-GM/r,

"Time is coupled to each dimension of space; therefore, in general, we expect &, =¢, for uniaxial

states of stress of the Planck lattice.

8Because the Planck lattice is imagined to be a “perfectly” elastic isotropic medium for which the
Lame elastic constants A and u are equal, its Poisson’s ratio is 0.25; like that of a Poisson (perfect)
solid [13].

*Virtual event wave packets produced by coherent harmonic oscillations of the event nodes of the
Planck lattice for a given parcel or distribution of energy [8].

“Empty flat space-time far away from any parcels or distributions of energy.
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with rthe radial position of a parcel of energy relative to the center of the gravi-
tational source. It immediately follows from the geometric approach defined by
the Schwarzschild solution determined from general relativity that the intrinsic
coordinate (proper) time ¢, for an observer near the source of a gravitational
field » >R, and the coordinate time ¢ for an observer at an arbitrarily large

distance from the gravitational source 7' r are related by the following equa-

R
=t 1-=5
r

We do not restrict generality by taking the direction of motion of a nonrelati-

tion:

vistic!! parcel of energy as the x-axis. The phase coherence of the oscillations of
the event nodes and corresponding Compton wave [8] is imposed by the fol-

lowing principle of phase coherence'
x
=¢p>vit =vit——]|,
¢0 ¢ [ ) ( V]

with ¢, =v,z, the phase of the oscillations of the event nodes, ¢=v(t—x/V)
the phase of the Compton wave, and V the phase velocity of the Compton wave.
In accordance with the principle of phase coherence, we can now evaluate the
phase of the Compton wave of a parcel of energy in relative motion in a gravita-

tional field as follows:
vt =vot‘/1—£—ﬁ2 =#{t—(&+ﬂzjt} :v(t—ij,
r ’1—&—ﬂ2 r v
r

where B =v/c and the v is the speed of the particle relative to an observer at
rest relative to the source of the gravitational field. Hence, the frequency v of the
particle’s Compton wave, as observed in the reference frame of the gravitational

source, is

and the phase velocity V of the particle’s Compton wave for r >R, is
R R
[AXCue
r r v V
v
V=

Ry /r+ B’
where x=vz.

According to relativity theory, the Compton wave of a parcel of energy is
permitted to transport energy when the phase velocity is less than or equal to the
speed of light V <c¢. Hence, it follows that Compton waves propagating in
curved space-time can transport energy provided they satisfy the following con-

dition:

"As used here this term is in reference to speeds slower than light v < c.
!2This condition is what Louis de Broglie (1924) referred to as “the theorem of phase harmony” [16].
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Ry/r+p=2p.

Owing to the inherent oscillatory nature of Compton waves (or event nodes),
the energy radiated is taken to be thermal gravitational radiation. As shown in
Figure 2, a parcel or distribution of energy at rest or in uniform motion in a gra-
vitational field radiates thermal gravitational energy except in certain instances
where r>4R;.

Because of the dynamic behavior of the Planck lattice, which preserves the
observed Lorentz symmetry of space-time, the phase velocity of the event node
oscillations in vacuum R;/r~0 is equal to or less than the speed of light.
Thus, empty space outside a parcel or distribution of energy radiates thermal
gravitational energy [17]. In general, the gravitational charge of thermal gravita-
tional radiation increases the zero-point displacement of neighboring event
nodes, which increases the energy of the thermal gravitational radiation, further
increasing the zero-point displacement of the neighboring event nodes ad infi-
nitum. The nonlinear nature of this process leads to infinite (divergent) gravita-
tional energy, similar to the ultraviolet catastrophe of the theory of electromag-
netic blackbody radiation, first posited by Paul Ehrenfest in 1911. However, be-
fore the gravitational energy becomes infinite, the Schwarzschild limit is ex-
ceeded, and a black hole is formed. This undesired feature of divergent thermal
gravitational radiation is remedied by Planck’s radiation law [18], which de-
scribes the spectral density of electromagnetic radiation emitted by a black body
in thermal equilibrium at a given temperature. Here, the radiation is gravitation-
al and is produced by oscillating event nodes in motion relative to a parcel or
distribution of energy. From this perspective, gravitational radiation in thermal
equilibrium with the Planck lattice at a given temperature or oscillation energy is
gravitational black-body radiation [19]. The Compton wave of a parcel of energy is
composed of a localized group of superpositioned virtual event waves, where the
phase speed of the Compton wave corresponds to the speed of the virtual event

waves within its envelope, which propagates at the speed of the particle or group

velocity.

1.00

080
N 060 1 V>c¢ V<ec
>
g_ 040 The'zrn?al gravitational

radiation boundary
V=c
0.20 \
0.00
0.00 0.10 0.20 0.30 0.40
Rg/T

Figure 2. The phase velocity transition curve of the Compton wave defines the boundary
for the emission of thermal gravitational radiation by a parcel or distribution of energy in
Schwarzschild (or non-Euclidean) space-time.
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Based on an understanding of the relationship between frequency and energy

implied by the Planck-Einstein relationship
E=hv=mc,

the relativistic momentum of a parcel of energy with rest mass m, is

po—t¥_ M. B
,l _ﬂZ c ’1 _ ﬁZ ’
with m=m, / J1- /" the relativistic mass of the particle. The relation for the
phase velocity of a Compton wave in terms of its phase frequency and wave-

length is given by V =Av. Thus, the wavelength of the Compton wave of a

nonrelativistic particle in non-Euclidean space-time for r > R, has the form:

ST
P\Rs[r+ B\ r(1-5)

The general formula established for the de Broglie wavelength of a nonrelati-

vistic parcel of energy in Schwarzschild space-time can be equally applied to
corpuscles of light known as photons, which have zero rest mass. As the relative
speed of a parcel of energy approaches the speed of light (v = ¢ ) the phase ve-
locity V for »>R; becomes

_ C
1+R,/r

Thus, the relativistic momentum of the photon is given by

=m C—ﬁ—h_v
Py ="y c cA

h 1
A = |,
r, 1+R/r

where myc2 =hv, is the relativistic energy of the photon and V=2 v, is the
relation for the phase velocity of the photon in terms of the phase frequency and
wavelength of its associated Compton wave.

As shown in Figure 3, the phase velocity of a photon’s Compton wave is never
superluminal v <c; thus, in general, light quanta transmit both electromagnetic
and gravitational energy while traveling in a gravitational field. In accordance
with the customary preservation of the conservation of energy, the fraction of
electromagnetic energy carried by a photon in a gravitational field is presumed
to be proportional to the ratio of the phase velocity to the speed of light (or
group velocity) V/c Hence, as light approaches the event horizon of a Schwarz-
schild singularity, the amount of gravitational energy carried by light increases,
whereas the amount of electromagnetic energy carried by light decreases. How-
ever, at large distances from the event horizon, where the gravitational field is
small, almost all the energy transported by light is electromagnetic, which agrees

with empirical observations.
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Rg/T
Figure 3. The anomalous dispersion®® curve for light in a gravitational field. The phase
velocity of the Compton wave of a photon in a gravitational field is subluminal VvV <c¢,

especially near the event horizon of a black hole. Such an effect may play a significant role
in the observed amplification of gravitational lensing [20] produced by galaxy clusters.

4. Conclusions

By describing Schwarzschild space-time in terms of a Planck lattice with unit
cells and oscillating event nodes, the constitutive mechanical properties of
space-time, in the form of the stress and strain tensors of the Planck lattice, were
observed to follow directly from the underlying mechanical description of the
gravitational displacement field. Furthermore, displacement of an event node
from the origin of a Planck unit cell results in a restoring force field acting in the
direction of increasing zero-point deformation of the Planck lattice. Thus, out-
side a parcel or distribution of energy, where r > R¢, Newtonian gravity natu-
rally emerges from the dynamics of the Planck lattice.

For infinitesimal strains of the Planck lattice in Schwarzschild space-time, the
gravitational displacement field was assumed to have a pure normal state of
stress. Therefore, for weak static gravitational fields, no shear stress components
are present in the Planck lattice stress tensor. However, for gravitational waves,
dynamic (rotating) gravitational fields, as in the case of Kerr space-time [21],
and or near gravitationally compact objects, such as the event horizon of a black
hole or collapsing star, the adjacent gravitational displacement fields of the
Planck lattice overlap &, >a,/2, in which case the shear components of the
Planck lattice stress tensor no longer vanish o, #0 for u#v.

Although in this study we presumed that the gravitational displacement field
of an event node possessed a continuous displacement spectrum, it should be
noted that there is no fundamental law of physics that prevents it from having a
discrete displacement spectrum. This mode of thinking leads to the usual quan-
tum or nonclassical terms, such as the ground state and excited states, when re-
ferring to the quantum state of the gravitational displacement field of the Planck

lattice. Moreover, a discrete zero-point displacement spectrum gives rise to a ra-

When the phase velocity is less than the group velocity V < c anomalous dispersion occurs which
results in the refraction or bending of light.
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ther straightforward mechanism' for the absorption and emission of gravity
quanta, which resembles that used for the absorption and emission of light quanta.
Thus, in accordance with our Planck lattice conception of space-time, one may
imagine that at each point in space surrounding a parcel or distribution of energy,
there exist gravitons (which are hypothetical massless quanta of the gravitational
field) coupled to the harmonic oscillators of the Planck lattice. In theory, the
thermal gravitational radiation of the Planck lattice has a temperature that can be
explicitly evaluated using a quantum statistical description of the Planck lattice os-
cillators. Therefore, as in the case of oscillating electrons in a metal radiating elec-
tromagnetic energy, oscillating gravitons may exist in curved space-time radiat-

ing gravitational energy in a similar fashion.
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